(19) Most of the gas solubility measurements were made for H2 and only representative data were obtained for D2. The isotope effect on solubility favors D2 over H2 by a factor of about 1.05. (20) R. Stewart and J. R. Jones, J. Am. Chem. Soc.. 89, 5069 (1967 Abstract: On the basis of the observed matrix-infrared spectrum of benzyne, a structure and set of force constants and bond orders are proposed, other possible structures are ruled out, and predictions are made of yet-unobserved frequencies and of the vibrational spectrum of benzyned4.
Benzyne, or 1,2-dehydrobenzene, has offered a challenge to our capacities to infer structures and bonding, ever since its existence was
The reactivity of benzyne-the apparently very low or zero activation energy of dimerization, for example-indicates that the species is more like a diradical than a benzene with a n extra electronpair b~n d .~.~ Yet there is no indication that the ground state of benzyne is anything but a closed-shell ~ing1et.I.~ The qualitative picture in vogue su poses that benzyne's "triple" because two electrons occupy a weakly bonding orbital whose maximum electron density lies in the molecular plane, and whose parentage in benzyne can be traced to the C-atom orbital contributions from the vicinal C-H bonds of benzene that no longer exist in benzyne. If this is so, then presumably there is some strain-induced rehybridization, making the atomic carbon orbitals of the "triple" bond more than one-third p-like, and (see Figure 1) giving the orbitals of the adjacent C-C bonds a hybridization between sp2 and sp. The bond lengths and bond orders of benzyne were first estimated previously in connection with semiempirical theoretical calculations.6 Some calculations indicate a shortening of the C I -C~ bond and lengthening of the c 4 -C~ bond, and a "triple bond" structure, although one calculation suggests a cumulene-like structure. ' The only experimental hints directly cogent to the geometry and bonding of benzyne come from the infrared spectrum of the species frozen in an inert matrix. This spectrum was obtained by Chapman, Mattes, McIntosh, Pacansky, Calder, and Orr.' The microwave spectrum has not been reported and the electronic spectrumg appears to consist of a featureless continuum whose energy range and intensity are consistent with the interpretation just given for the "triple" bond, that the "in-plane'' carbon orbitals form ethylene-like bonding and antibonding orbitals whose bonding and antibonding strength are both significantly weaker than in a normal 2p7r olefinic bond. However, the electronic spectrum contributes no positive information about the structure.
W e report here an interpretation of the infrared vibrabond is shorter than the 1.39 w of a normal benzenoid bond tional spectrum of benzyne, as reported by Chapman et al.,' from which we infer the normal coordinates, the bond lengths, and bond orders and predict the infrared spectrum of benzyne-d4. W e shall show that its infrared spectrum implies that benzyne has alternating bond lengths consistent with the aryne-like structure I.
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Analysis of Data
The infrared spectrum of benzyne between 400 and 1700 cm-l was reported by Chapman et al. to exhibit eight bands, a t 469, 736, 849, 1038, 1053, 1451, 1607, and 1627 cm-'. No spectrum was reported for higher frequencies. W e assume that the benzyne molecule has CzL. symmetry. The molecule has normal modes of vibration that transform according to the four symmetry species of this point group, as follows: A I , nine; A2, four; B1, three, and Bz, eight. The A2 and B1 species represent out-of-plane motion and the A I and B2 species, in-plane motion. The A2 modes are infrared-inactive but Raman-active; the other three sets of modes are infrared-active.
We carried out a normal mode analysis with a valence force field model, in which we allowed some variation of the bond lengths and angles, as well as of force constants, to optimize the fit between model and observation. Specifically, we assume that and define t 2 = R(C4-C5) W e explored both possibilities, that t 4 > t l , the conventional "triple bond" model, and that t l > t 2 , corresponding to a cumulene-like structure. W e also supposed that L123 = L612 2 L234 = L561 and that ~3 4 5 = 1456. As it worked out, we could say that f234 = L345, within our limits of sensitivity. The computations were carried out by diagonalizing the product of the kinetic energy matrix G and the potential energy matrix F , as described by Wilson, Decius, and Cross.l0
The valence force coordinate system is defined in Figure  2 . The corresponding force constants are defined by their position in the matrix of Table I , and the symmetry coordinates are defined in Table 11 . The F matrix, G matrix, and scaling are presented elsewhere." Because the molecular point group symmetry is C2tir rather than D6h, the symmetry coordinates and F and G matrices differ from those giving the simplest description of benzene. Our starting trial set of valence force constants was based on that set derived for benzene by Crawford and Miller12 which they considered most reliable. W e did have to estimate some of the constants; the full set is given in Table 111 . Then the skeletal force constants, bond lengths, and bond angles were varied, and the frequencies of the vibrational spectrum were computed and compared with the experimental set until the fit was satisfactory, as described in the next section. W e did not extensively explore variations in the force constants'involving the C-H stretching motion, in part for reasons of economy and in part because the high-frequency C-H stretching motions were not observed and are necessarily only weakly coupled to the low-frequency modes. Thus, within the sensitivity of our computations, the C-H stretching force constant of benzyne can be taken to be equal to that of benzene. However, none of the other constants has the same values in both benzene and benzyne.
While it is rarely possible to demonstrate that a set of force constants gives a unique representation of a spectrum, one can get some sense of the reliability of a set by comparing one's "best" fit with the predictions based on physically reasonable but somewhat different values of the parameters. Some such comparisons are made in Table IV , to illustrate the sensitivity of the predicted spectrum to changes in bond lengths, bond angles, and various force constants, all corresponding to about the same basic structure. Frequencies corresponding to other proposed structures fit less well; these are discussed in the following section. We find, without surprise, that the correlation of calculated and observed frequencies is much more sensitive to variations in force constants than to variations of bond lengths and angles. The bond lengths and angles enter only in the elements of the G matrix (kinetic energy), not in the potential energy or F matrix. For a molecule like benzyne, with a host of molecules to serve as comparisons, it is probably more reliable to ascertain bond lengths through the use of a bond lengthbond order-force constant correlation, rather than directly through variation of the bond lengths and angles in a fitting procedure, because the normal mode frequencies are simply too insensitive to changes in distances.
Results and Inferences
The best-fitting set of infrared-active frequencies is shown in Table V , together with the observed frequencies and the percent deviations of calculated from observed frequencies. The eigenvectors are available.' The most critical valence coordinate for purposes of interpreting the structure of benzyne, the C-C stretching coordinate called t5, occurs primarily in the modes with predicted frequencies 2083 and 2450 cm-*, which were outside the region originally observed by Chapman et al. In the 2083 mode, the ''C=C" bond and the "C-C" bond across the ring stretch in phase with each other, and out of phase with the other four C-C bonds. In the 2450-cm-' mode, the ''C=C" bond coordinate t 5 oscillates out of phase with the stretching coordinate t 2 opposite, and out of phase with (t4 + f6) but in phase with ( t l + t 3 ) ; this mode is the highest frequency stretching mode of the ring, with alternate bonds moving exactly out of phase.
The best fit of the valence force constants for benzyne is indicated in Figure 3 , with the corresponding force constants for benzene. The bond lengths, bond angles, bond orders, and force constants are collected in Table VI . We see that the deviation from a benzenoid structure is not great, far less than models proposed for benzyne on the basis of semiempirical orbital models.
Our selection of the "optimum" geometry, force constants, and bond orders was not totally based on fitting the infrared spectrum. When the magnitudes for satisfactory sets of values were obtained, we applied two additional criteria in an approximate way. One is the empirical connection between bond length and bond order known as Badger's rule: with equilibrium distances Re in 8, and bondstretching force constants k in mdyn/8,, 3094  3094  3097  3124  3127  305 4  305 3  305 3  3054  3054  3063  2450  244 1  244 1  2457  2465  2557  2083  2082  2082  208 1  2083  2174  1645  1652  1653  1647  1638  1708  1601  1607  1607  1590  1601  1675  1444  1446  1447  1441  1444  1434  1052  1053  1052  1049  1052  1064  47 1  47 6  482  475  47 1  471 QColumn 1, best fit; column 2, all angles 120", t , ( C X ) = 1.334 A; column 3, all angles 120°, t , = 1.274 A; column 4, angles 123 and 612 = 177S0,angle 165 = 125", t , = 1.334, column 5, best fit structure, force constant for t , and t,, Ft46+, taken as 7.47 mdyn/A instead of 6.56; column 6 , force constants for all four A,, Ft13+, Ft46+, Ftz, and F,,, taken 10% higher than best-fit values. k(Re -0.68)3 = constant (which we fixed from benzene)
The second is the bond order-bond length relationship of Coulson, coupled to the constraint that the sum of the bond orders pi for the carbon-carbon bonds must be (roughly) 10. For our system, the relationships have the form (2) 1.02 -0.530Re =0.235R2, -0.160
The best-fitting set of parameters does not conform precisely to eq 3, as Table VI shows. The bond t5 is significantly shorter than its force constant would imply if Badger's rule held strictly. The other bonds have lengths and orders that are reasonably consistent with eq 1, 2, and 3. Frequencies computed with bond lengths of column 5, Table VI , fit significantly worse than the best-fit set, particularly the calculated 1680 cm-' (obsd 1627) and 1073 cm-' (obsd 1053) modes. Three previously proposed structures of benzyne are those shown in Figure 4 , together with one based on column 5, Table VI . We tra for the A1 modes of these structures by using our own best set of force constants for all eiements of the F matrix except the C-C stretching constants, for which we used the values based on Badger's rule (above). The spectra so predicted are shown in Table VII . While we did not attempt to optimize the force constants around each of the C-C stretching constants, for structures 11, 111, and IV, it is clear that none of these structures offers as suitable a model as structure I because the predicted frequencies are so different from the observed spectrum. In the case of I11 and IV, only very unreasonable force constants for bending and interaction could conceivably bring the calculated values into the range of the observed. Note that the arbitrarily selected symmetric structure used by Hoffmann, Imamura, and Hehre (11) and structure V give quite comparable fits to the data. W e have explored several structures of the sort like Haselbach's, in which the bond lengths imply that the benzyne molecule is cumulene-like, rather than acetylene-like. These structures are uniformly unsatisfactory. W e can say with The original spectrum* was only reported for the region between 450 and about 1700 cm-l. The normal modes that depend most sensitively on the "C=C'' bond t s and the bond opposite, t 2 , have frequencies in the range of about 2100 and 2600 cm-', respectively. A truly critical determination of the structure of benzyne from its infrared spectrum requires that the normal frequencies in this higherfrequencies region be measured.
After this work had been submitted for publication, we learned of new work by Chapman and c o -w~r k e r s '~ which extends the range of observation to about 2600 cm-l. The extended spectrum shows a band, with a signa1:noise ratio of about 5:1, a t 2085 cm-I, which fits very nicely with the predicted value of 2083 cm-I. No other bands a t frequencies above 2085 cm-I were attributable to benzyne. However, the nonobservance of the predicted band a t 2450 cm-' need not shake our assignment and interpretation. It is entirely plausible from the geometric nature of the 2083 and 2450 modes, that the change in the z-component of the molecule dipole moment during the 2450 cm-' oscillation is considerably smaller than the change associated with the 2085-cm-' band, so that the higher frequency band could easily have less than one-fifth the intensity of the lower-frequency band, and thereby remain unobserved. W e conclude from the observation of the band a t 2085 cm-' that our general model is probably rather close to the true situation.
As a final check of our proposed structure, we have calculated the infrared-active frequencies for perdeuteriobenzyne. These are given in Table VIII . Hopefully they can be measured in the near future. from the National Science Foundation.
